Abstract-We describe the propulsion mechanism of the catalytic microjet engines that are fabricated using rolled-up nanotech. Microjets have recently shown numerous potential applications in nanorobotics but currently there is a lack of an accurate theoretical model that describes the origin of the motion as well as the mechanism of self-propulsion. The geometric asymmetry of a tubular microjet leads to the development of a capillary force, which tends to propel a bubble toward the larger opening of the tube. Because of this motion in an asymmetric tube, there emerges a momentum transfer to the fluid. In order to compensate this momentum transfer, a jet force acting on the tube occurs. This force, which is counterbalanced by the linear drag force, enables tube velocities of the order of 100 μm/s. This mechanism provides a fundamental explanation for the development of driving forces that are acting on bubbles in tubular microjets.
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I. INTRODUCTION

I
N the past ten years, considerable advances have been achieved in micro-and nanorobotics [1] - [5] . Particular attention has been given to self-propelled catalytic micromotors, which exhibit self-propulsion in the presence of chemical fuels such as hydrogen peroxide [1] - [5] . Several applications have been postulated [6] and several geometries have been designed [4] , [7] .
The propulsion of micromotors is based on the decomposition of the hydrogen peroxide fuel into molecular oxygen and water. Recent review papers summarize the different mechanisms that have been proposed for these active swimmers [4] , [8] , [9] . In the particular case of microtubular jets, the propulsion force originates from the generation of oxygen bubbles that are expelled from the tube [10] , [11] . This mechanism makes microjets very interesting since, up to now, microtubular jets have generated a higher propulsion force than nanorods, spherical Janus particles, or microhelices, to name a few [12] . In addition, they can navigate in biological media, which makes them potentially attractive for environmental and medical applications [13] .
The development of these catalytic microjet engines illustrates one of the first steps toward designing and powering smallscale robotic systems for diverse applications in such fields as medicine or nanomanufacturing. Nevertheless, even simple operations are extremely complex at the micro-and nanoscale since it is challenging to achieve and control a reproducible, reversible actuation at those scales.
Several groups, including ours, have made substantial efforts toward demonstrating that these micromotors can develop useful tasks [6] . However, the exact mechanism of how these microjets can be powered by the release of bubbles has not been clarified, yet. Hence, a deeper knowledge of the propulsion phenomenon is required in order to overcome existing limitations in current small-scale robotic systems.
Geometry is a key factor in the performance of these robotic systems at the microscale. Herein, we provide an experimental study of the performance of conical microjet engines. In addition, we introduce a new mechanism of motion of bubbles in an asymmetric truncated conical microtube, which is complementary to the available models of the self-propulsion of catalytic microjets.
II. EXPERIMENTAL WORK
A. Fabrication of Microjets
Catalytic microjets for performance studies were fabricated by rolling up thin films of evaporated metals. 18 × 18 mm glass substrates were cleaned with acetone and isopropanol by sonication for 2 min in each solvent. Thereafter, they were dried and baked at 120
• C for 2 min. Coating with positive photoresist ARP-3510 was carried out on a spin-coater at 3500 r/min for 35 s. The samples were postbaked at 90
• C for 3 mins. Exposure to the ultraviolet light through a mask of 50 × 50 μm squared structures for 7 s with a Karl Suss MA56 Mask Aligner leads to photolithographic patterning of the photoresist. The samples are developed in AR 300-35:water (1:1) solution for 50 s and dried subsequently. Metal evaporation of 3 nm iron at two different rates (3Å/s, 0.5Å/s) is conducted on each of these patterned 1552-3098 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. wafers using an Edwards E-beam. The deposition of 6 nm Fe is carried out at an angle of 75
• . In order to fabricate catalytically active tubes, magnetron sputtering of 1 nm of platinum is performed. The sacrificial photoresist layer is removed by immersing the glass wafers in a mixture of dimethyl sulfoxide: acetone 1:1. The Fe/Pt nanomembranes roll up immediately into microtubes of 50 μm length and 5 ± 1 μm in average diameter.
We recently reported the fabrication and performance of different types of jet engines, from microjets to nanotools containing either more cylindrical or conical shape. This modification in the design is relatively straightforward and accomplished by slightly tilting the sample where the metals are to be evaporated. Fig. 1 presents three different types of microjets that can be fabricated by rolled-up nanotech of thin films on polymers. Fig. 1(a) shows a cylindrical tube, whereas Fig. 1(b) and (c) show microtubes with different degree of conicity. Fig. 2 illustrates the movement of a conical Fe/Pt catalytic microjet engine in an aqueous solution that contains 1% hydrogen peroxide (H 2 O 2 ) and 1% sodium dodecyl sulfate (SDS). A short tail of oxygen bubbles that is generated inside of the microtube is clearly observed, reflecting the quick catalytic decomposition of hydrogen peroxide on the inner platinum walls of the microtube. The oxygen bubbles are ejected from the large tube opening (with a radius R max = 3 μm) and the average diameter of these ejected bubbles is 6 μm. Such bubble generation leads to the propulsion of the hollow structures with average microjet velocities of 100 ± 31 μm·s −1 . In order to quantify the velocity of tubular microjets, a Zeiss Axio Microscope with high speed camera was used to record videos of actively moving tubes in H 2 O 2 solutions at a rate of 60 frames per second. The software FiJi was used to track microjet velocities and edit videos. Twenty microtubes were analyzed to calculate the average velocity. SDS was used as a surfactant in order to decrease the surface tension, to facilitate the filling of rolled-up Fe/Pt tubes with aqueous solutions, and consequently, to facilitate the generation of bubbles inside of the catalytic tubes. Concentration of SDS was fixed to 1% in all the experiments reported in this study. The surface tension for 1% H 2 O 2 and 1% SDS corresponds to 33.8 ± 0.7 mN·m −1 , and viscosity is 1.13 ± 0.02 mPa·s. The viscosity of the solution was measured experimentally using a parallelplate viscometer. The surface tension was measured using the KSVs instrument CAM 101, which is a computer-controlled video-based system that measures the surface tension according to the shape of the droplet formed by the liquid. The shape of a drop that is hanging from a syringe tip is determined from the balance of forces that include the surface tension of the solution.
B. Generation of Bubbles
In order to study the generation of bubbles inside of the microjets, rolled-up tubes that contain thin metal films of Ti/Cr/Fe/Pt (5/5/5/1 nm, respectively) were selected to increase tube diameter and decrease the tube windings, enabling the possibility to visualize the generation of bubbles through the walls of the microtube. The studied microtubes were fixed on the chip to reach a better resolution of the bubble formation, growth, and ejection. Fig. 3 illustrates the generation of an O 2 bubble inside the tube. Videos were taken with a Phantom Miro eX2 high speed camera that is mounted to an inverted Axiotech microscope providing up to 900 frames per second videos.
With the FiJi software, we measured the contact angle between bubble and tube wall as 24 ± 3
• and obtained the ejection frequency of oxygen bubbles from the microtubes to be 30 Hz. 
III. MODELING AND PROPULSION MECHANISMS
A few models of the self-propulsion have been recently advanced in conjunction with available experimental evidence. In [14] , the linear propulsion of tubular microjets was explained by the ejection of a bubble from the tube. The average velocity of the microjet in [14] was found by equating the momentum of the drag forces acting on the subsystem, containing the separated bubble and the tube, to zero under the assumptions that the separated bubble and tube stop at the same time when the distance between them is equal to the tube diameter. This model is in essence phenomenological because 1) the whole system, for which the conservation of momentum should be applied, consists of the bubble, the tube and the liquid; 2) after the separation, the dynamics of the bubble may be quite distinctive from that of the tube, which leads to different stopping times; and therefore, 3) the distance between the stopped bubble and the tube is an ad hoc parameter.
In [15] , the propulsion of catalytic Janus particles was attributed to the bubble growth process imposing a growth force governed by the Rayleigh-Plesset equation. This same mechanism has been applied to explain the linear propulsion of catalytic tubular microjets [16] . The only driving force on the tube is considered the growth force, which arises from the growth of the bubble surface against the fluid. The instantaneous velocity of a microjet contains two kinds of jumps: low due to the growth and high due to ejection/burst. Although such behavior looks reasonable, the model is not in a position to predict the overall microjet velocity due to ejection/burst. The explicit expression for the growth force contains an empirical constant, which is in fact a fitting parameter. Besides that, the fitted reaction rate (in [16] , and Table I ) varies within a factor of 5.
We calculated the ejection frequencies of oxygen bubbles and the velocities of microjets for models according to the ejection model [14] and growth model [16] , using our experimental parameters. The results are listed in Table I , and they are compared with our experimental results using catalytic microjet engines in 1% H 2 O 2 and 1% SDS. As mentioned before, our experimental conditions lead to average microjet velocities of 100 μm·s Table I , it can be concluded that ejection frequencies and microtube velocities, which are calculated with our experimental parameters using available models [14] and [16] , are underestimated. For instance, calculated ejection frequencies are 1 to 3 orders of magnitude lower than our experimental observations and calculated velocities of microjets are 2 orders of magnitude lower than our measured average velocity of microjets, as shown in Table I .
IV. DRIVING FORCE OF A BUBBLE OF CONSTANT VOLUME IN AN ASYMMETRIC MICROJET
Real self-assembled tubular microjets are as a rule asymmetric. The most common scenario is a geometric asymmetry of a microjet: A deviation from an ideal cylindrical shape. As a representative example, we select in the present analysis a conical microjet (see Fig. 4 ) of height L with two openings of radii R max und R min and a conical angle
A spherical bubble of a given volume V touches the inner tube wall at a certain radius R c , when the position of its touching point is X c (see Fig. 4 ). A radius of the cross-section of the bubble through the point of its contact with the wall is r c . These geometric parameters of the bubble, which are extensively used below, are determined through the volume V and the characteristics of the conical tube as follows:
(2) In the present Section, we analyze a bubble, which is deformed due to its confinement to the microjet. The central plane of the bubble X 0 is positioned to the right from X c . In this case, the bubble consists of two spherical cups and a truncated cone, with a fixed total volume V , and a dependence of the radii R 1 and R 2 and the height of the truncated cone h, as shown in Fig. 5 . The contact angle θ in Fig. 5 for a bubble in a tube can be much smaller than the equilibrium contact angle θ eq between the liquid and the gaseous phases at the triple phase contact line between solid, liquid, and gas (down to zero) because of the presence of a fluid layer between the bubble and the tube wall.
The volumes of the truncated cone and two spherical caps are
The total volume of the bubble is
The surface tension energy
is determined by the surface tension σ (in the calculations later, the value σ = 33.8 mN·m −1 is used, which corresponds to the conditions T = 25
• C, 1% hydrogen peroxide, 1% surfactant SDS) and the total surface of the bubble
Here
S cap,i = 2πR
The resulting force, defined as a derivative of the surface tension energy with respect to the coordinate
will be called "capillary force," since it is a generalization of the capillary force onto asymmetric tubes.
Obeying the given contact angle at both triple phase contact lines for a bubble, shown in Fig. 5 , the surface energy and the capillary force as a function of the position of the bubble in the conical tubes are represented in Fig. 6 . The surface energy of (8) is plotted as a function of the central plane of the bubble X (as defined in Fig. 5 ) for two microjets, with R max = 3.5 μm, R min = 3.5 μm, φ = 0.57
• [panels (a) and (b)] and R max = 4 μm, R min = 1.5 μm, φ = 1.71
• [panels (c) and (d)] at two different values of the volume of the bubble, represented by the parameter r c , which is a radius of the cross section of the bubble positioned at such a point X c in the microjet, that it just touches its inner wall (see Fig. 4 ). In Fig. 6 , panels (a), (c), and (d), (blue) dashed lines are drawn through the minima of the surface tension energy as a function of X. They separate the regions, where the bubble is deformed due to the confinement to the conical tube as shown in Fig. 5 (at lager values of X) , from the regions, where the bubble is spherical (at smaller values of X).
As follows from our calculations, the position of the (blue) dashed line is very close to the point X c [see inset to Fig. 6(c) ]. In the interval of X values between X c and the position of the minimum of the surface tension energy, a decaying branch of E ST (X), shown with a (red) dashed line, might occur, while for X < X c , a spherical bubble state is always stable. For the parameters of the system used in our calculation, the decaying branch is negligibly small in the scale of the energy used in Fig. 6 and will not be analyzed henceforth. However, in other systems, where this decaying branch may be more pronounced, it can provide a physical reason for a back-and-forth motion of a bubble due to the opposite directions of the capillary force from both sides of the minimum of E ST (X).
At X < X c [to the left from the (blue) dashed lines in panels (a), (c), and (d)], the bubble is too small as to touch the full circumference of the inner tube wall, the surface tension energy does not depend on the coordinate (red online lines), and hence, F cap = 0 (black lines). In the region where X ≥ X c [to the right from the (blue) dashed lines in panels (a), (c), and (d) and everywhere in panel (b)], the surface tension energy is a quadratic function of the coordinate (red online lines), and hence, a capillary force arises (black lines), which pushes the bubble toward the larger tube opening. The scale of the force in Fig. 6(c) is one order of magnitude larger than that in Fig. 6(a) , while the scale of the force in Fig. 6(b) is five times larger than that in Fig. 6(d) . This force is a linear function of the difference between the position of the bubble X (as defined in Fig. 5 ) and X c . Summarizing the previously described properties, the capillary 
where H(X) is the Heaviside function: H(X) = 0, if X < 0 and H(X) = 1, if X ≥ 0. The coefficient C as a function of the parameter r c is shown in Table II , which lists two cases of microtubes with a conical angle of φ = 1.71
• and φ = 0.57
• at a decreasing contact angle of θ = 24
• , 10
• , and 0
• . This coefficient significantly increases with rising the conical angle φ, but remains rather insensitive of the value of the contact angle θ in the range from 24
• to 0
• . The key consequence is that in a conical tube the symmetry of the bubble becomes broken: r 2 < r 1 . As a result, there is a thermodynamic force of the same nature as a capillary force, which drives the bubble toward the large end of the tube, thereby decreasing its surface, and hence, the surface tension energy as shown by the heavy black arrow in Fig. 4 . The coefficient of the capillary force is significantly enhanced in tubes with larger conical angle but only slightly depends on the contact angle.
V. MOTION OF A GROWING BUBBLE IN AN ASYMMETRIC MICROJET
In this Section, we consider a growing bubble. Without going into details of the bubble growth dynamics, which have been extensively elaborated in the literature (see, e.g., [17] ), we assume that the volume of the bubble increases with time as
where k is the oxygen production rate from a unit surface area. According to [18] , for a catalytic reaction on Pt at 3.7% hydrogen peroxide this rate is
The total internal conical surface of the tube constitutes
The surface S cat of the area, from which oxygen produced by a catalytic reaction contributes to the formation of a bubble, is only a part of the total internal conical surface of the tube of (14) , which is quantified by the number n
This number can be approximately estimated using the diffusion length of oxygen in water l D = √ Dτ ,where the diffusion coef-
, and assuming the time of the bubble growth to the radius R min to be τ ∼ 1.4 ms, in accord with the experimental data shown in Fig. 3(b) , as the typical diffusion time; as a result, l D ∼ 1.7 μm. From a simple geometric analysis, the effective paraxial length of the area of the tube, which contributes to the bubble formation near the smaller opening, is l eff = (R min + l D ) 2 − R 2 min ∼ 3.6 μm. Then, we get the number n = S int /(2πR min l eff )∼15, which is used in the subsequent calculations. The growing volume generates the time-dependent radius R c (t) and position X c (t) of the first touch according to (2) .
Assume that an oxygen bubble first nucleates at a defect positioned at X 0 at the inner surface of the wall and then grows with time. Henceforth, we neglect inertia and viscous forces (see, for instance, [20] for a viscous force exerted on bubbles moving in a tube with a thin lubricating layer of fluid between the bubble and the tube wall). The resulting equation of motion for the growing bubble, starting from the nucleation point X 0 , is
reflects the following scenario of the bubble motion [illustrated in Fig. 7(a) ]. When the bubble is small, so that its radius is still smaller than the radius of the first touch to the wall, there occurs no capillary force, and the bubble center remains at rest [growth stage: horizontal parts of the trajectories in Fig. 7(a) , zero values of velocity in Fig. 7(b) ]. If the pinning of the bubble to the defect is strong enough, a further growth of the bubble leads to its deformation in this microjet into a shape shown in Fig. 5 . The capillary force pushes the bubble toward the larger opening of the tube. When the capillary force surpasses the pinning force, the bubble moves toward the larger opening [motion stage: a decaying part on the trajectories in Fig. 7(a) , negative velocities up to 1 mm/s in Fig. 7(b) ] and assumes the spherical form again. A further growth of the bubble leads to a continuation of this motion until the bubble reaches the larger opening of the tube [final point of all trajectories X = 0 in Fig. 7(a) ]. The farther is the nucleation point X 0 from the larger opening, the shorter is the growth stage and the longer is the motion stage. The time needed for a bubble to traverse the tube increases from 20 ms for X 0 = 15 μm to 50 ms for X 0 = 45 μm.
With the selected value n = 15, the calculated bubble dynamics parameters (velocity and time needed to traverse the tube) represented in Fig. 7 are in a good agreement with the experiment shown in Fig. 3 . Indeed, according to Fig. 3 , it takes the bubble 32 ms to move ∼ 40 μm along the whole microjet, thus providing a velocity ∼1.2 mm/s, what agrees with the calculated velocities in Fig. 7(b) .
VI. JET EFFECT DUE TO THE MOTION OF A GROWING BUBBLE IN AN ASYMMETRIC MICROTUBE
Bubble migration, along with recoil, was found [21] to induce fluid pumping, which propels the tube. A rigorous description of the fluid dynamics caused by the bubble motion in a microtube requires a time-dependent hydrodynamic analysis. Here, we consider a preliminary simplified model assuming that the relaxation of momentum in the fluid surrounding the microjet occurs at a finite rate.
According to Fig. 4 , the volume of the fluid in the tube to the left (right) from the bubble changes with time due to the motion and growth of the bubble
Correspondingly, the change rate of the mass of the fluid leaving the larger opening of the tube is negative because of the growth and motion of the bubble
The change rate of the mass entering the smaller opening of the tube
The velocity of the fluid at both openings of the tube is
The signs in these equations have the following geometrical meaning: since V 1 decreases as a function of time, then the fluid flows through the larger opening outwards, against the X-axis; since V 2 increases, then the fluid flows through the smaller opening inwards, again against the X-axis. The net momentum acquired per unit time by the fluid within the tube arises then from the increment due to the elements of fluid entering the tube through the smaller opening and the loss caused by the elements of fluid leaving the tube through the larger opening:
A significant part of it is compensated by the momentum transfer to the fluid outside the tube that can take place, for instance, in the form of an induced flow. The remaining part of the net momentum must be compensated by the momentum transfer per unit time to the tube of mass M moving with velocity V t
where the numberuantifies that a 1/qth part of the net momentum acquired per unit time by the fluid within the tube is compensated by the momentum transfer to the tube. This condition leads to the occurrence of the jet force
which is illustrated in Fig. 8(a) . Within the growth stage, as long as the bubble remains at rest in the tube [horizontal parts of the bubble trajectories in Fig. 7(a) ], there is no change of the momentum of the fluid, surrounding the microjet, and hence, the jet force is zero [zero values of the jet force in Fig. 8(a) ]. At the commencement of the motion stage [a decaying part of the bubble trajectories in Fig. 7(a) ], the previously described change of the momentum of the fluid leads to the step-like occurrence of the jet force [see Fig. 8(a) ]. The farther the nucleation point X 0 is from the larger opening, the faster the bubble touches the inner tube circumference and the earlier the jet force occurs. After that, the jet force slightly increases with time until it disappears when the bubble leaves the microjet. Taking into account the linear [22] drag force that is acting on the tube in a viscous fluid (with viscosity η = 1.13 mPa·s) the balance of forces
provides the tube velocity
Additional factors like inertia of the microjet further reduce the average tube velocity. The average tube velocity
is represented in Fig. 8(b) . Within the bubble growth stage, the jet force is zero [zero values of the jet force in Fig. 8(a) ], and therefore, the average velocity is zero [zero values of the average velocity in Fig. 8(b) ]. Within the bubble motion stage [nonzero values of the jet force in Fig. 8(a) ], the average velocity increases with time [nonzero values of the average velocity in Fig. 8(b) ]. The farther the nucleation point X 0 is from the larger opening, the earlier the microjet motion begins: at t ∼ 105 ms from the start of the nucleation for X 0 = 45 μm and at t ∼ 135 ms for X 0 = 15 μm. At the empirical value q = 30, the obtained values of the average tube velocity in the range of 10 2 -10 3 μm·s −1 [depending on the position of the nucleation point of the bubble, as shown in Fig. 8(b) ] compare well with our experiments (see a discussion of Fig. 2 in Section II-A). The value q = 30 means physically that ∼1/30 of the net momentum acquired per unit time by the fluid within the tube is compensated by the momentum transfer to the microjet, while ∼ 29/30 of the net momentum rate is transferred to the fluid outside the tube, most probably, due to the occurrence of the hydrodynamic flow from the larger to the smaller opening. Hydrodynamics of the fluid around the microjet requires a separate analysis.
VII. CONCLUSION
Microtubular jet engines have shown potential applications in robotics. The geometric configuration and the bubble propulsion mechanism of these microdevices make them also very interesting for fundamental studies. Experimentally, we demonstrated the possibility of fabricating microjets with different degrees in conicity (asymmetry). The geometric asymmetry of a tubular microjet leads to the development of a capillary force, which tends to propel a bubble toward the larger opening of the tube. The theoretically predicted propulsion of a bubble is in good agreement with our observations. Because of this motion in an asymmetric tube, a momentum transfer to the fluid emerges. In order to compensate this momentum transfer, a jet force acting on the tube occurs. Because the value of the tube velocity strongly depends on the tube radius, a higher degree of control over the roll-up process would be helpful to obtain microjets with well-defined velocities.
We compared our model with two recently proposed models for similar systems and provided complementary concepts on the mechanisms of bubble migration. Especially, the motion of bubbles inside microtubes and a related momentum transfer constitute additional conceptual ingredients. This mechanism provides a fundamental explanation for the development of driving forces that are acting on bubbles in tubular microjets. Other types of asymmetry, for example, of the chemical composition of the fluid or the surface tension will lead to similar mechanisms of driving forces even in geometrically symmetric tubular microjets. Our present study may be of help to a multidisciplinary audience in the field of robotics, from experimentalists to theoreticians, toward the optimization of the microjet geometries and further understanding of forces acting in microswimmers.
